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HESEARCH MEMORANDUM 

By W. F. Brown, Jr., H. Schwartzbart, and -M. E. Jones 

The effects of specimen-axis orientation w i t h  respect t o  forging 
direction on the.   t rue  s t ress-s t ra in   cmes and the fkacturing charm- 
wterist.icp a? -ro* temperat- of forged qnd subsequently heat-treated 

16-25-6, S-816, and Incbnel X were'inveetigated. 
. .  . *br. . 

, F o r e  of these allogs.. produced a nechan-lcal anisotropy of 
f r a d h r e  g r o p e r t i e s  that wae pronounced for 16-25-6, s m e w h a t  less 
for  S-816,,md slight for lnconel X. Ijl the case of 16-25-6 the 
duct i l i t i es  of specimens having orientations  greater than SOg were 
less than one-half the value of a specimen having an orientation of 
00 (axis parallel  t o  forging  direction). The stress producing a 
given plastic strain below the fracture straln . w a ~  only slightly 
affected, however, by the  spechen  orfentation. 

Camparism among datg of the-three  investigeted alloya'and data 
of several other  materials obtained f'rcm reference reports indicated 
that mechanical anisotropy  affected.the fracturing characterisbics 
of all the materials In the same general.manner. 

Hot or  cold  deformation of metale cen prduce anisotropy, or  
dbectionali ty,  of the  mechanical properties. This anieotropy l e  of 
two main types:  crystallographic anisotropy due .to preferred orien- 
tat ion of the metal crystals and mschanical an-lsotropg due t o  orlen- 
tation and elongation of Fnclusione, CEtvitfes, and precipitates that 
occur during hot working and that.prc&lce a fibrous structure. 

As sham by Unckel (reference l), Klingler and Sachs (refer- 
enoe E'), Baldwin, Emmld, and Ross (reference 3), Phillips and 
Dunkle (reference 41, and others, crystallographic  anisotropy. 
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reeults from cold working and m y  be present after annealing if the 
cold defamations are severe. Thie  process causes continuow vaxia- 
tions in the  stress-atrain and fracture properties with the  direction 
of teeting. The magnitude of these effects depend on the past work- 
ing and thermal historg of the alloy and can be explained by con- 
sidering the plastic anisotropy of the individual grab. 

8 .  
Mechanical anisotropy or fiber- primarily results f r a m  hot 

working (reference 5) and in aome cases is d i f f i cu l t   t o  remove by 
any reasonable heat treatment, as shown in reference 6 .  This type 
of anisotropy,is considered t o  be the probable cause of l m r  tram- 
,verse ductil i ty and impact etr@h of many eteel  and aluminum 
forgings. The traneverse duct i l i ty  mar thus be lese than one-half 
the value in the forging direction. The mnner In which fibering 
influences the variation of‘ plastic and fracture  properties ie not- 
definitely hown. 

N w 

SoatWred information is available on the variation of duc- 
t i l i t y  with testing direction resul.t;ing *can both types of aniso- 
tropy  for several different metals (references 1, 2, 4, 5, and 7) 
Only reference 7, however, reports associate changes in the f’rac- 
tu re  stress and none of the referenoes attempts t o  correlate 
direotly the variations in mechanical properties with the micro- 
structure. The evidence presented  thus fax M i c a t e e  that fibering 
certainly &e l i t t l e  or no effect on the plastic properties  but may 
have a pronounced e f fed  an the f’racture characteristics. 

Turbine components, such as bladee, blade fasteniqgs, and 
wheels, undergo plastic flow during  service a n d ,  the l i f e  of euch 
components may be influenced by either m e  or both of the anfS0- 
tropiee prevfmsly mentioned. The optlmrtm design of these ccmpo- 
aents havlng complicated contours would require a knowledge of the 
stress-strain and fracture characteristfcs and how they are influ- 
enced by the  direction of stressing a8 related  to  the  principal 
deformation direction i n  previous work3ng. In euch caees, it 
would be adv9mtageoue t o  have the axis of the algebraicallg 
smallest strees coincide uith the weakest mtal direction. Con- . 

vereely, If the oanditims of test  o r  service m e  not severely 
embrittling, the fiacture sfzese is insignificant t o  the designer 
and a condition of instabil i ty or some mall limiting strain m y  
deterdne failure. In such cases, the conventional yield,  tensile, 
creep, or  rupture stren@;ths (all based an the h i t i a l  area)  are  
used as a basis fo r  dealgn. 

In order to study the mechanical anisotropy In typical high- 
temgeratwe alSoys, an investigation waa conducted at the mCA 
Lewis laboratory mil i e  presented herein. The influence of the 

. 
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tes t ing  direct ion  in   re la t ion  to   the forging direction an the t r ue  
stress-strain curves and fracture characteristics was determined for 
5-816, Inconel X, and 16-25-6 alloys. These &.logs were chosen as 
representative8 of cobalt-nlokel-ohrmium, nickel, and iron base 
alloys, respectively. Forgings with a p p r n r t t e l y  4-inch  diameters 
were selected t o  ipproach the uonditims encountered in ccmmercial 
fabrication. In order t o  represent a problem as fundmental and 
simple as possible and t o  permit comparisan with d a t a  on other 
metals obtained fram reference  reports, the allogs were worked  fn 
one direction only. 

Tensile t e s t s  at roan temperature were cansidered most suitable 
for a prelimhary  investigation because these metals, which do not 
neck deeply, are subjected t o  a simple state of stress and thua offer 
the maximum opportunity for any mathePlatfca1 malgsis. Orientation 
angles *om 00 t o  90° (between the f o r m  directian and the spechen 
axis)  were investigated. Data obtained f r o a n  the investigation 
reported  herein are ccmpared with data obtained from reference reports 
and an attempt i a  made to  carrelate  the observed changes with micro- 
structures of the forgings. 

AlloJ Cr I 

The naninal ccaapositiasls, as f'urnished by the suppliers, and 
the average Rockwell-C hardnesses of cr088 aeotions of the three 
alloys inveetigated are Sh0wn in  the following table: 

Fe 

bcl . 
2.9 

7.01 . 

5 8.05 3.51 

Si Rockwell-C A1 Ti 
bardness 

9-68 26+2 ---- 
-26 26f2 _".. 

.44 22k3, 0.90 2.38 

Attempts were &e t o  obtain forgings of lmam workFng history. 
The Inconel X alloy was: (1) forged at  2 2 2 9  P frcrm an 18-inch 
square h g o t  t o  a 12r inch  octagon and air-cooled; (2) forged t o  a 
6-hch square a t  2 2 2 p  F &nd air-cooled; (3) rolled  to +inoh 
diameter a t  2200° F and quenched; and (4) machined t o  a 4-inch 

1 

a diameter. The 16-25-6 a l loy  was: (1) hot-forged a t  2100° F f'rcau 
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IL Ingot of unlmown size t o  a +inch square; and (2)  hot-cold worked 
at 120O0 F. t o  a 4-inch octagon (approximately 22-percent reduotion). 
The S-816 alloy was:  (1) forged at.2250° F fram a 9-inch diameter 
Ingot t o  a 6-inch square; (2), forged a t  22000 F t o  a 4-inch square; 
and (3) Bolution-treated a t  2260° F and water-quenched, followed by 
sglng at  1400° F for 6 hours and air-cooling . 

3 

Sectirmc 4 inches long were cut -the ende of the forged bars 
and a plate  approximately 4 inches Kide containing the bar axis was 
cut from each sec t im  (fig. 1). The angular position of the plate in 
re lat ion  to  any specific bar diameter was unimportant becaueemacro- 
etching revealed the structure of the fqrghgs t o  be uniform ov8r 
the crosa sections. A hardness survey of the bar cross  eectinns 
showed the Roukwell-C hardness t o  be unifam xithin 23 points. Speci- 
men blanks were then cut *an the plates at the  location  aham in 
figure 1. In  order t o  insure that an;8 radial nonunif ormity of work- 
ing, which may be present, d i B  not influence the reeults, a l l  speoi- 
men centera were taken a t  the same distance fram the bar axis. 

Buttonhead speolmens of the type shown in figure 
machined f'rm the Ijlan3rs without the 2.7-inch radius. 
machined specimens were heat-treated acoording to the 
conditions : 

2 were rough 
The rough- 

f O l l a K i n g  

The S-816 alloy was air-cooled and Inconel X was oil-quenched f r a n  
the solution tany?eraturee; all alloys w&e air-oooled *am the a g h g  
temperatures. The specimens were flnished by grinding, w i t h  partic- 
ular care being W e n  t o  maintain cancentrlcity of the cylindrical 
sections and t o  insure that the axme under the buttonheads were 
square w i t h  the specimen &e. The cross  sections of the specimens 
were tapered t o  a minimum diameter at the center by grinding a 
2.7-inch radius, as &awn in ffgure 2. This radius is sufficiently 
large  so that  i ts  effects on the streee state can be neglected 
(fig. 19 of reference 8 ) .  A reduced CTOBB sec t im  a t  the canter 
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was necessary for  two rea8ms: (1) because fracture would definitely 
take place at the e t r a h - m e a s u r ~  location, and (2) because maximum 
stress would be restricted t o  a given  location wlth respect to the 
geametrg of the original forged bar. 

. .  

A number wa8 stamp& on the end of each speclmen for identifi- 
cation as to orientation. Specimen orientation is defined by the 
angle.between the specimen axis and the forging  directfon, which is 
assumed t o  coincide .Kith the bar axla, as sham in figure 1. An 
orientation angle of Oo thus  describes a spechen  the axis of which 
was originally parallel t o  the  forging  direction of the forged bars; 
whereas one of SOo describes a spechen  the axis of which was origi- 
nal ly  radial w i t h  respect t o  t h e  bar (transverse  direction). 

me tensile  investigations m e  &e w i t h  a hydraulic tensile 
machine. Specisens were fractured in  a apecial concentric loading 
fixbur0 (fig. 3), which is similar to a deeign described in refer- 
ence 9. This'fixture ~ ~ E X X C - S E  that the load is in i t i a l ly  applied 
coincident  (within 0.0005 in.) w i t h  the spechen axis  in  order t o  
eliminate bending mcmnta. 

c 

Reduction In diameter at the minimum cross section  during 
loading was measured .by meam of a mechanical radial  strain gage 
(fig. 4) and was mounted.an the specimen a8 s h m  in figure 3, With 
this method, diameter changes of 0.00005 inch could ba determined 
over a total range of 0.024 inch. m e  range comeaponas t o  a 
minimum longitudinal .strain of 0 .OW48 and a maximum longitmdh.al 
natural  straln of 0.24 for thie  size specimen, Measurements with 
the gage  were made up t o  a change in diameter of 0.020 inch am3 if 
fracture had not occurred, measuemnts were continued wi€h p d n t  
micramaters. In d e r  to determine the final diameter, the two 
halves of the broken specimen were matched and the minfmum crofm 
section -0 measured on several different diameters w i t h  point 
micrameters. 

Photographe 8% WifiCati- of 8 250 were prepared for 
fractured specimens representing  selected  orientations. In each 
case, the plane o f  the phgtograph is parallel  t o  the forging 
direction and contains the specimen axis. 
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The tensile  data are assembled in the form of true stress - 
strain curves in figure 5. Each part of the  figure represente ane 
alloy and shms data for arien-batianrs of Oo, 30°, 60°, and 90°; 
these values adequately cover the range inveettgated. The natural 
longitudinal strain 6 (reference 10) was calculated ifram the 
equation : 

d 0  
8 = 2 l o g , d  

o r  

where do fa the Snitial  diameter of the m€njmum m088 section, 
d i e  the diameter at any load, and Ag is the change Fn diameter 
8s determined by the gage reading. The value so caloulated is 
equal t o  the nebtml longitudfnal strain in the p h s t i c  region 
assuming comtant volume and doe8 not represent the 1qitudFnrsl 
strain in the elast ic  region or,where Poiss&"s-.ratio i s -ho t  equal 
to 0.5. 

The tensile PJropertiea of the various specimam m e  summarized 
in  figure 6 as a function of orientation. The S e M  strengkh was 
determined at 0.2-percent plastic  etrain. Thier yield strength is 
not identical with the value that would be obtained fraan oalmLaticms 
based on longitudinal strain bu$ is s l igh t ly  higher. This difference 
aependa on the unknown variation of Poismm's ratio in going from 
the  elastic t o  the  plastio range. The fracture stress w88 obtained 
by exkrapolaticm of the strese-strain curvee to a strain equal t o  
the ductil i ty OT the natural' longitudinal strain a t  fYadure. 

Plastlc  Properties 

In figure 5, the s t r e s s   a t  a given st rain is shown to be nearly 
Independent of specimen orientation f o r  a l l  three alloye. Hot-cold 
working of 16-25-6 allby that affected approximately 22-percent 
reduction in m e a  has therefore not produced a noticeable  oryatallo- 
graphic anisotropy. The isotropy of plastic strain is further i n B i -  
cat& by the  diameter measuremente cm the fractured speolmens, which 
shm all specimens to have retahed a circular crom sectian t o  
fracture. 

* 



'%he strain-hardening-rake of 16-25-6 is  considerably larer than 
that of S-816 OT Lnconel x. mi8 difPW8XlCe is & b o  s h m  in the 
neck-lng strain, which is 0.18 for  16-25-6 as coiupared with 0.26 for 

, Lncmel X; 5-816 fractured  before necking. These necking strains 
were determined by graphical  differentiation of the stress-strain 
curves to yield the stress at neckhg, according to the following 
relation given by Saoha (reference II) and other8 for slope a t  this 
point r 

The yield strength is hdependent of speclmen orientatian 
(fig. 6) as would be expected -om the identity of the true stress - 
s-train c m e s .  .'pensile st rength  would also be independent of' the 
orientation except in case8 where the  duc$illty is less than the 
necking strain. This fact  accounts for the slightly lower tensile 
atrengths of epeclmens of 16-25-6 and 5-816 having orientation 

. angles greater than 60°. 

macture  stress and duct i l i ty  of the three alloys investigated 
are influenced by spechen orientaticw (fig. 6). The curve8 for 
the three naaterisb have the aame general shape; the fracture char- 
acter is t ics  are practlcally armatant for orfantations less  than 
approximately 400 and canstant at a lmr value for orientations 
greater than approximately 60°. The change in values is pronounced 
for 16-25-6, smewhat less for S-816, and -11 for lncanel X. In 
figure 6, 16-25-6 and 5-816 show a loss In duct l l i tg 'of  approii- 
mate- 60 and 30 percent,  respectively, &en orientations greater 
% b a n  600 are canpared with 00. The comespanding decreases In 
f'racture  stresses  are, however, approxhmtely 19 and 14 percent. 
This smaller  effect of duct i l i ty  cuz the Fracture  stress for 16-25-6 
l e  explained by its lower strain-hardening  rate. 

E%mination of etched longituainsl specimen sections having 
orientations of Oo and 90° a t  a raagnificaticm of 8 (fig. 7) show 
a fibering of all three  alloys  parallel to the forging direction. 
The fiber- is moet pronounced f o r  16-25-6 and barely dist in-  
guishable f o r  Incanel X ELna S-816. Photographs of the  longltudigal 
sections  near  the specimen axis of 16-25-6 a r e  shown at a ma@f'i- 
cation of 8 in figures 7 and 8 and at a magnification of 250 in 
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figure 9 for  orien.t;ations of Oo, 45O, 60°, 75O, and 90°. These 
figures  indicate  that  fiber- in  16-25-6 is aseociibted wifh 
formation of a precipitate Fn definite layers throughout the 
structwe. Such a structure has been reported by Fleischmann 

. (reference E) for th i s  a l loy after various a g b g  treatments but 
is absent in the solutim-quenched  condition.. In addition, 
Freeman, Reynolds, and White (reference 13) have ahawn this 
layered precipitate t o  be present fn cammarcia1 dfek forgings. 
For orientations  greater  than 6Q0, the  fracture apparently f o l l m  
the  precipitate  planes, whereas for amall orientation angles, the 
fracture  surface is perpendicuI.ar t o  t he  specimen axis (fig. 9)  . 
It is interesting t o  note that plastic fluw, which occurred during 
tensfle  straining in the 4 5 O  specimen (fig. 8(a)), produced a 
noticeable  aecrease In the angle between the fiber plane ana the 
specimen axis. 

- .” . . . .  

Tt”ut3 stress - st rain curves and yield strengths of the alloys 
investigated were FnsignkPicEmtly affected by dif‘ferencea in the 
direction of stressing in relation to the forging directim. The 
hot working has prduced,  however, a mechanical anisotropy that 
inflUC3nCed the  fracttire  chara.cteriistic8 of a l l  the alloys in the 
same general manner. Thus, where  wealmess can be measured by 
fracturing  characteristics, the forgbg  direction should probably 
b.e cansidered in the design of par t s  i n  which the prFncipal tensile 
stress is appliad at an angle greater than 30°. 

I n  figure 10, the  results frm th i s  Investigation are cmpared 
with data for several r.olled and forged materials  obtained Prm 
refersnces 1, 6, m a  7. In most of the  reference data, fracture 
stresaes were not  reported and the comparison is made on the baeis 
of duct;ility or fracture strain. Although the reference  Investi- 
gatione d i d  not Fnclude metallographic examination of the specimens, 
a l l  the  materials were worked in suuh a m e r  that they. m i g h t  be 
expected t o  possess a f ib rous  structure. Each material ‘except the 
pure copper WBB solution  heat-treated, The SAE 1045 and SAE 4334 
steels poesessed 0.1-percent yield qtrengths of l 3 0 , O O O  ana 
146,000 pounds per square inch;. respectively. A l l  the curves have 
the game general shape w i t h  the indication that orientatione above 
.approximately 60° are characterized by constant and low values of 
d u c t i l i t y  0 

A possible  explanation for . the  vaxiation in  meahanical proper- 
t ies could be given if the  precipitated  material producing the  
ffbroua structure were considered RB constituting planes of weak- 
ness. The location  of..Prscture would then follow the weahess . 

planes when a. certain  etresa  condition is reached an these planes. 
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The slmplest  assumption would be -khat  fracture  occurs (3p 8 wealmess 
plane  when the resolved normal stress onthis plane  exceeds the 
fkacture'stress of the 90° specimen,  which is assumed to yleld the 

0 
h5 true fracture  stress of the weak material. The varfatim of fracture 
N stress  with speoimen orientation cazl be determined by using this 
w concept. Thus, the stress a,. normal to 8 plane of wealmess inclined 

at an angle 8 (the  previouely aefinea oriantatian angle) to  the 
specimen  axis would be  given in t e r n  of the applied longitudinal 
stress o2  as 

The minimum angle at which fracture  is  hypothesized  to  occur op 
'the  weakness plane Qf can be  determfned  if the fracture stress of 
the 90° specimen and the fracture stress of the Oo specinen 
a ~ , f  are  substituted f o r  an and 02, respectively, in the preced- 
ing equatirm, For angles equal to cxr greater than this -he, 
fracture should occur a l e  the weakn0ss plane and the  observed 
fracture  stress af should  decrease  acoording  to the following 
function: 

Etracture stresses for 16-25-6, 5-816, Eand I n c a n e l X  spechens 
of various orientations  were computed an the  basis of this simple 
theory and are coinpared  with  those  actually observed in figure 11. 
In each case there  is  poor  agreement  between  the calculated and 
experimental  values. A maw detailed analysis of the  problem and 
consideration of the  effects of both the shear and normal stress on 
the weakness plane are apparently necessary. 

An investigation wss conducted to detemhe the effeots of 
variation In the angle between the. specimen axis  and the forging 
direction on the  tensile,  plastic, and fkacture  characteristics at 
roam temperature f o r  alloys 16-25-6, Inconel X, and S-816. The 
following results  were obtained : 

1. Fracturing characteris3ics of the three alloys  Investigated 
exhibited an anisotropy that w&s pronounced f o r  16-25-6, samewhat 
lese for S-816, and amall f o r  Inconel X. Ductilities of 

9 
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16-25-6 speoimens having orientatinns greater than 60° were less than 
me-half of the value in the fmghg direotian. 

2. The misotropy of 16-25-6 was assocfated KTth planes of 
precipitate that were pamllel to W - f o r g b g  direction Fn the 
original bar and that  constituted  the  fracture plane of specimens 
at orientations greater than 60'. 

3. For the three alloys cansidered in t h i s  investigation,  the 
fracture  etress and t h e  ductility  decreased  rapidly in the range of 
orientatlons f r o m  40° t o  60° asd then remained comtant  to SOo. 

4. A ccmpariaon of the results obtained in t h i s  inveetigatim 
with data f'ram reference reports for eeveral other naaterials indi- 
cated that, in general, mteriala that eaibited mechanloal fiber- 
had fracture propertiea  that decreased to 5 conataslt value at 
orientations greater than approximately 60°. 

5. The identity of true stress - strain curves for specimens of 
various orientations Etnd the fact that the specimens were circular 
in m o a s  section  at fracture irdicated that the. 8 1 l O ; y S  were essentially 
crystallogmphically isotropic. 
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Figure 1. - Location of. specimen centers in pla te  cut from forged bars 
and  angular re la t ion betmeen forging direction and specimen axis. 
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(a) Hot-cold worked and aged 16-25-6. 
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Figure 5. - Stress-strain curves for various orientations of three 
alloys.  
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(b) Forged and heat-treated Inconel X. 

Figure 5 .  - Continued. S$ress-&rain curves for various orientations 
of three alloys. 
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( c )  Forged and heat-treated S-816. 
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Figure 5. - Concluded. Stress-strain curves for various orientations 
of three alloye. 
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(a) Ho t-cold worked and aged 16-25-6. 

Figure 6. - Variation of tensile propertfes with testing direction of 
three alloys. 
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- (b) Forged and heattreatad Inconel X. 

Figure 6. - Continued. Variation of tensile properties with testing 
direct ion of several alloys. 
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( c )  Forged and heat-treated S-816. 

Figure 6 ,  - Concluded, Varfation of tensile properties w i t h  testing 
direction of several alloys. 
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OO orientation 90' orientation 

(a) 16-25-6 e lec tmwica l lg  etched  with 5-percent oxalic  acid. 

-=-.-. . . . . . .  ,". . " . ~  

0' orientet ion 90' ortentat ion 

(b) Inoanel X etched  with aqua regia p l u ~  cup ic  chloride. 
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Figure .9; - Longit-1 sections of 16-25-6 ~peoimena at fracture ha- 
tiona. Electrolytlcxrlly etched with 5-percent omllc acid. 
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Figure 10. - Variation i n  ductility with t e s t i n g  direction 
for various materials. 
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( c >  Forged and heat-treated S-816. 

Figure 11. - Comparison of cakulated and experimental   variation 
of fracture skrees with testing direction for three alloys. 
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